Abstract. The observed power spectrum in redshift space appears distorted due to the peculiar motion of galaxies, known as redshift-space distortions (RSD). While all the effects in RSD are accounted for by the simple mapping formula from real to redshift spaces, accurately modeling redshift-space power spectrum is rather difficult due to the non-perturbative properties of the mapping. Still, however, a perturbative treatment may be applied to the power spectrum at large-scales, and on top of a careful modeling of the Finger-of-God effect caused by the small-scale random motion, the redshift-space power spectrum can be expressed as a series of expansion which contains the higher-order correlations of density and velocity fields. In our previous work [JCAP 8 (Aug., 2016) 050], we provide a perturbation-theory inspired model for power spectrum in which the higher-order correlations are evaluated directly from the cosmological N -body simulations. Adopting a simple Gaussian ansatz for Finger-of-God effect, the model is shown to quantitatively describe the simulation results. Here, we further push this approach, and present an accurate power spectrum template which can be used to estimate the growth of structure as a key to probe gravity on cosmological scales. Based on the simulations, we first calibrate the uncertainties and systematics in the pertrubation theory calculation in a fiducial cosmological model. Then, using the scaling relations, the calibrated power spectrum template is applied to a different cosmological model. We demonstrate that with our new template, the best-fitted growth functions are shown to reproduce the fiducial values in a good accuracy of 1 % at k < 0.18 h Mpc −1 for cosmologies with different Hubble parameters.
Introduction
The large-scale structure observed via spectroscopic measurements exhibits anisotropies along the line-of-sight direction. This is caused by the peculiar velocity of galaxies, and is referred to as the redshift-space distortions (RSD) [1] [2] [3] [4] [5] [6] . While the RSD complicates the cosmological interpretation of the galaxy clustering data, on large scales, the size of the anisotropies is known to be sensitive to the growth of structure [4] , and can be used to test gravity on cosmological scales (e.g., [7] [8] [9] [10] [11] [12] [13] [14] ). This is one of the main reasons why there are various projects aiming at precisely measuring RSD which will uncover a large cosmic volume.
Future measurement of RSD is expected to further improve the statistical precision, with which we will be able to tightly constrain or possibly detect the modification to gravity on large scales. Toward a high-precision test of gravity, however, the theoretical template of the redshift-space power spectrum or correlation function, as basic quantities to measure the growth functions, also needs to be improved. While the effects of RSD are solely accounted for by the simple mapping formula from the real to redshift spaces, due to the non-perturbative nature of the mapping, the applicable range of linear theory prediction is fairly limited, and corrections coming from the gravitational clustering and RSD become rather significant even at k 0.1 hMpc −1 . In particular, the so-called Finger-of-God (FoG) effect, arising from the random motion of galaxies associated with small-scale clustering, appears non-perturbative and it leads to a strong damping behavior in the large-scale amplitude of power spectrum .
Nevertheless, there is a way to perturbatively describe the theoretical template of redshift-space power spectrum, while keeping the non-perturbative FoG effect under control. Among various approaches or proposals for redshift-space power spectrum, in this paper, we shall consider the approach by [26, 27] . A crucial point of this approach is to decompose the contributions into non-perturbative part and the terms which can be evaluated with perturbation theory (PT) calculation, starting with the exact expression. Based on the simple proposition, the non-perturbative damping term is then separated out from the rest of the contributions, for which we can apply the PT calculation. As a result, on top of the factorized FoG damping term, the redshift-space power spectrum can be expressed as an infinite series of correction terms which contains the higher-order correlations of density and velocity fields. Ref. [26] derived the first non-trivial PT corrections relevant at next-to-leading order (i.e., one-loop). Later, Ref. [27] has extended to include the correction terms relevant for next-to-next-to-leading order calculations (i.e., two-loop).
On the other hand, Ref. [46] has investigated the validity and consistency of this approach by directly evaluating each of the correction terms with N -body simulations. While the approach proposed by Refs. [26, 27] is shown to be a good description, they found an important higher-order correction, for which the PT calculations by Ref. [27] was unable to quantitatively describe. Adding the numerically calibrated correction terms, the model of RSD is shown to reproduce the measured redshift-space power spectrum quite well.
In this paper, we further push this treatment toward a more accurate theoretical template of redshift-space power spectrum. A goal of this paper is to present the template which enables us to measure the growth functions in 1% accuracy (we will later define the growth functions for density and velocity fields, which we denote by G δ and G Θ , respectively). For this purpose, any small flaw in the model prediction has to be eliminated. This is also the case for PT calculations. As increasing the wavenumber, a small but non-negligible higherorder correction become important, and a more elaborate PT calculation is required for a quantitative estimate of such a contribution. Further, as it has been recently advocated, the frequently used single-stream approximation for the PT calculation is rather sensitive to the small-scale modes, and a proper way to control the UV-sensitive behavior is crucial. Hence, in this paper, we adopt the hybrid treatment combining the PT calculation and N-body simulations. That is, we use simulations to calibrate the systematics in the PT calculations, and to measure the correction terms of the redshift-space power spectrum. While we shall perform these calibration and measurements in a fiducial cosmological model, making use of the scaling relation, the numerically tabulated theoretical template can be also applied to different cosmological models. We demonstrate that with our template, the best-fitted growth functions, G δ and G Θ , are shown to reproduce the fiducial values remarkably well in 1% accuracy at k < 0.18 h Mpc −1 for cosmologies with different Hubble parameters. This paper is organized as follows. In Sec. 2, we begin by briefly describing the PTinspired model of redshift-space power spectrum based on Refs. [26, 27, 46] . Then, we discuss how to calibrate the systematics in the PT calculation and to measure the higherorder corrections from N -body simulations. The measured or calibrated results from the simulations are combined with PT predictions, and using a simple scaling relation, we show that the tabulated template in fiducial cosmology can be used to predict the power spectrum in different cosmological model. In Sec. 3, our newly constructed template is tested and the accuracy of the growth rate measurement is checked. Finally, Sec. 4 is devoted to conclusion and discussion.
2 Hybrid modeling of redshift-space power spectrum
In testing gravity with RSD, we are mostly interested in a possible deviation from the standard ΛCDM model which appears manifest at late-time evolution of the Universe. In such a situation, the Universe basically follows the standard scenario of both the cosmic expansion and structure formation at least until the time of last scattering surface. Then, the broadband shape of the matter power spectrum, including the acoustic signature originated from the sound wave of the primeval baryon-photon fluid system, is basically the same one as in the ΛCDM model, and is determined by the cosmic microwave background experiments. Late-time evolution of the power spectrum may differ from each other among different dark energy models, but the broad-band shape remains unchanged as long as we consider the linear stage of structure formation, and this could also hold for a class of modified gravity models. In what follows, we adopt the power spectrum determined by the Planck ΛCDM model as our fiducial model, given by the parameters: n S = 0.97 ± 0.0060, Ω b h 2 = 0.022 ± 0.00023, Ω c h 2 = 0.12 ± 0.0022, h = 0.67 and A 2 S = 2.3 × 10 −9 [47] . In addition, assuming the flat cosmology, we also examine four other cosmological models with different value of h: h = (0.57, 0.62, 0.72, 0.77), fixing ω b and ω c .
Perturbative treatment of redshift-space power spectrum and beyond
As we mentioned in Sec. 1, all the effects in RSD is accounted for by the simple relation between real and redshift spaces:
where r and s denote position vectors in real and redshift spaces, respectively, and v, a and H are the physical peculiar velocity, the scale factor and the Hubble parameter. Throughout the paper, we will work with the distant-observer limit, and chooseẑ direction as the line-ofsight direction. Following the derivation of [26] , we begin by writing down a non-perturbative expression for redshift-space density power spectrum:
where we define
Here, x = r − r ′ , u ≡ −v/(aH), and u z is the radial direction component of u. The µ denotes the directional cosine of the angle between k and the line of sight. Eq. (2.2) has been derived based on Eq. (2.1). Thus, apart from the assumptions of distant-observer limit and single-stream flow in Eq. (2.1), Eq. (2.2) describes the non-perturbative nature of the mapping from real-space density clustering to redshift-space density clustering. The pairwise velocity field, A 1 , when expanded from the exponent, produces an indefinite series of higher-order polynomials, illustrating that nonlinear mapping induces nonperturbative non-Gaussian corrections in the two-point statistics. We rewrite the ensemble average e j 1 A 1 A 2 A 3 in terms of the connected moments (cumulants) as [26] 
2) is recast as
Note that the terms inside the brackets involve the squashing Kaiser effect, and when Taylorexpanded, the higher-order polynomials give either a mild enhancement or suppression of the power spectrum amplitude. On the other hand, in the presence of random velocity field, the prefactor, exp e j 1 A 1 c , always leads to a strong damping of the power spectrum, and is sensitively affected by small-scale virial motion. The so-called FoG effect arises from this prefactor.
In theoretically modeling redshift-space power spectrum, the spatial correlation in the exponential prefactor has been often ignored, and exp e j 1 A 1 c is assumed to be independent of the separation vector x [22, 26, 48, 49] 
where D FoG (kµσ z ) is the FoG term originated from the exponential prefactor, and we introduce the free parameter σ z , which is related to the line-of-sight velocity dispersion through
. The P perturbed represents the Fourier transformation of the terms in the bracket in Eq. (2.3).
In this paper, on top of this modeling, we will examine an extension to include a part of spatial correlation in the exponential prefactor [36, 37, 46] . This is done by formally writing Eq. (2.3) as
Here D FoG 1pt (kµ) is the same as defined above, and the factor D FoG corr represents the exponential prefactor which includes the spatial correlation. In what follows, for a functional form of D FoG 1pt (kµ), we adopt the Gaussian form:
with σ z being the free parameter describing the one-dimensional velocity dispersion. In Eq. (2.4), while we need to keep the exponential prefactor D FoG 1pt as non-perturbative damping term, the rest of the exponential factors, e j 1 A 1 , may be expanded in powers of j 1 , and this would be validated as long as we are interested in the small j 1 . Collecting the terms at O(j 2 1 ) order, we have
In the above, the zeroth-order term, A 2 A 3 c , corresponds to the squashing Kaiser term at linear order, and assuming the irrotational flow, this leads to the expression, P δδ + 2µ 2 P δΘ + µ 4 P ΘΘ , with Θ being the velocity-divergence field, Θ ≡ −∇ · v/(aH) = ∇ · u. The rest of the terms are regarded as higher-order corrections characterizing the nonlinear correlation between density and velocity fields, and substituted into Eq. (2.4), they produce the following corrections [26, 27] .
Thus, the model of redshift-space power spectrum examined in this paper is summarized as [46] 
In Ref. [46] , the validity of the truncation in Eq. (2.7) has been investigated, and based on the measurement of each correction term from the N -body simulations, the model is shown to give an accurate prediction for the 2D power spectrum at k 0.
In what follows, varying cosmological models, we will further investigate the accuracy of the prediction based on Eq. (2.7), and study how well the model can be used for the theoretical template to accurately estimate the growth functions.
High-precision modeling of P XY (k)
On large scales of our interest, where the gravitational clustering of matter/galaxy distribution is still in the weakly nonlinear regime, the perturbation theory (PT) treatment is supposed to work well, and one may use it as an accurate theoretical prediction. However, frequently used single-stream approximation when performing the PT calculations is shown to be very sensitive to the small-scale clustering to which the PT cannot be properly applied [50] [51] [52] . This is even true for the prediction at large-scales, and we must cure the UV sensitive behavior in the PT calculations (e.g., [53] [54] [55] [56] ). Further, goal of this paper is to exploit a method for a percent-level estimation of the growth functions. Even at large scales, higher-order corrections that are usually ignored in the prediction at few-percent level might play a role, leading to a non-negligible systematic error. Hence, in this paper, we consider a hybrid approach in which the uncertainty or systematics in the PT-based prediction is calibrated and corrected with N -body simulations. For this purpose, we measured accurately the power spectrum using 100 simulations with the box size of L = 1.89 h −1 Gpc and with the number of particles N = 1024 3 [57] in the fiducial cosmology with h = 0.67, but we are much interested in extending an accurate template in a given fiducial cosmology to those in other cosmology models. We additionally generate 4 simulations, each of which has a unique h = (0.57, 0.62, 0.72, 0.77), in order to test the accuracy of our estimated power spectrum for different cosmologies.
First consider the power spectrum in a fiducial cosmology. We denote it byP XY (k, z) (X, Y = δ or Θ). To compute the power spectrum by PT, we adopt the RegPT treatment proposed by [26, 27] . This treatment is based on the resummed PT expansion referred to as the multi-point propagator expansion [58] , in which all the statistical quantities including power spectrum are expanded in terms of the multi-point propagators. The expression of the power spectrum, valid at two-loop order (i.e., next-to-next-to-leading order) is given bȳ
Here, barred quantities are those computed in the fiducial cosmological model, andP i is the initial power spectrum. The function Γ (n)
X is the (n + 1)-point propagator. In RegPT treatment, the propagators are constructed with standard PT calculations. While the standard PT is usually applied to a limited range of wavenumber, incorporating the result of a partial resummation in the high-k limit, a regularized prediction of the propagators is applicable to a larger k [59] .
Let us see the two-point propagatorΓ (1) X . The expression relevant at two-loop order is summarized as
Here,γ is defined byγ = k 2σ2 d /2 withσ 2 d being the dispersion of displacement field. The σ d is computed with the initial power spectrum through 1σ2 d = k/2 0 (dq/6π 2 )P i (q). The coefficientsC (n) in Eq. (2.9) are expressed in terms of the standard PT results, and including the theoretical uncertainties, they are given bȳ
n = 0 for even number of n. TheḠ X denotes the density (X = δ) and velocity (X = Θ) growth functions for the fiducial cosmology at the redshift z. These growth functions are the key quantities to be estimated from observations accurately and precisely, and are related to the linear growth factor D + and linear growth rate f defined by
X,n−loop represents the standard PT (p + 1)-point propagator at n-loop order, whose explicit expression is given in [60, 61] . The quantitȳ O (1) X,n characterizes the uncertainties or systematics in PT, which will be later calibrated with N -body simulations. We assume that the uncertainties arise not only from higher-order (three-loop) but also from two-loop order, partly due to the UV sensitive behavior of the single-stream PT calculation.
Similarly, the expression of the three-point propagator,Γ
n ; (2.14)
n = 0 for odd number of n. Also, the expression of the four-point propagator,Γ
X (k, z), relevant at two-loop order, is
n ; (2.18)
Note thatŌ (2) andŌ ( X,n → 0, which agrees very well with simulation at k 0.1 Mpc −1 . At k 0.1 Mpc −1 , discrepancies are manifest, and the predicted amplitude by RegPT rapidly falls off. While this is partly due to the exponential factor, exp(−γ), in the multi-point propagator, a lack of higher-order terms as well as a small systematics in the PT calculations can sensitively affect the high-k prediction. Here, we characterize the difference between the measured and predicted power spectra byP res XY . We then divide the power spectrum into two pieces:P
whereP th XY represents the PT prediction withŌ
X,n → 0. Collecting all the uncertainties introduced in the multi-point propagators, the residual power spectrumP res XY is schematically expressed as
(2)
X + higher P iP i ,
Y + higher P iP iP i +¯ Ō (3)
X + higher P iP iP i . (2.22) Here, the uncertaintyŌ
X,n is assumed to be small, and to be perturbatively treated. The expression implies that apart from a detailed scale-dependent behavior, time dependence is characterized by G X G Y G 4
δ . Thus, once we calibrate theP res XY at a given redshift, we may use it for the prediction at another redshift by simply rescaling the calibrated residuals. Further, for cosmological models close to the fiducial model, the scale dependence of the higher-order PT corrections is generally insensitive to the cosmology, and we may also apply the calibrated P res XY to other cosmological models.
To check if the scaling ansatz works well, we write the power spectrum in the cosmological model different from fiducial one as
where the power spectrum P th XY (k, z) is evaluated based on the PT predictions in the fiducial model, given at Eq. (2.8), but the multi-point propagators are replaced with the rescaled one:
X,n → 0. The γ X is the rescaled version ofγ, defined by,
On the other hand, the residual power spectrum, P res XY , is simply evaluated with the calibrated result in the fiducial model,P res XY through
δΘ, and ΘΘ). (2.25)
Bottom left panel of Fig. 1 shows the calibrated PT power spectrum using Eq. (2.23) in the cosmological model with h = 0.72, depicted as red solid curve. The calibrated power spectrum matches well with the measured result in N -body simulations at k 0.3 Mpc −1 . We then use Eq. (2.23) to predict the density power spectrum in cosmological models which have different Hubble parameters. The results in the models with h = (0.57, 0.62, 0.72, 0.77) are plotted in right panels of Fig. 1 (from top to bottom) , shown as the fractional difference, [P δδ −P δδ ]/P δδ . For reference, we also plot in dotted horizontal lines the simple scaling factor predicted by linear theory, i.e., (G δ /Ḡ δ ) 2 − 1. Up to k ∼ 0.1 Mpc −1 , the fractional difference obtained from measured power spectra is consistent with linear theory prediction, but it exhibits a non-trivial scale-dependence at k 0.1 Mpc −1 . The prediction based on the calibrated PT power spectrum in the fiducial model fairly traces the measured results at k 0.2 Mpc −1 , indicating that our scaling treatment is successful. In Fig. 2 , the scaling treatment is further tested for P δΘ and P ΘΘ in the fiducial model. The predicted power spectra are pretty much consistent with measured results of power spectrum difference at k 0.2 Mpc −1 .
High-precision modeling of higher-order corrections
In similar manner to the power spectra P XY , we can proceed to a high-precision modeling of the higher-order terms of the redshift-space power spectrum, i.e., A, B, T , and F . But, PT prediction for T terms needs a rather higher-order calculation involving the multi-dimensional integrals. Further, in our previous paper [46] , we directly calibrated each term with N -body simulations, and found that the measured T term is different from the PT prediction. For these reasons, we here stick to a N -body-based modeling to the higher-order corrections, and adopting the scaling ansatz of the growth factor dependence, the predictions will be made in general cosmological models close to the fiducial ΛCDM model.
To begin with, let us consider the A term. From the explicit form, the A term is divided into six pieces. Here, we specifically write down the expressions in fiducial cosmological model:
Note again that the barred quantities indicate those computed/measured in fiducial cosmo- logical model. The explicit form ofĀ n is given below:
28)
29)
30)
31)
These terms are measured from N -body simulations according to Ref. [46] . To apply the measured results to the prediction in other cosmological models, we assume the scaling ansatz, as similarly adopted in the prediction of power spectrum P XY . That is, assuming that the scale-dependence of each term is insensitive to the cosmology, the prediction of each term is made by simply rescaling the measured results. The proposition made here is that the timedependence of each term is approximately determined by the leading-order growth factor dependence of u z and δ. Then, A term in general cosmological model is expressed as
(2.36)
In Fig. 3 , using the measuredĀ n in fiducial model (black solid), the predictions are made in different cosmological model with h = 0.72, depicted as red dashed lines. These are compared with the direct measurement results, shown as red filled symbols. In each panel of Fig. 3 , the results are plotted as function of µ for specific wavenumbers k = 0.1 Mpc
and k = 0.2 Mpc −1 , and we find that the prediction and measurements reasonably agree well with each other. Since the predicted values of A n are found to be sufficiently accurate even at k = 0.2 Mpc −1 , we do not consider any systematics and uncertainties arising from the higher-order growth function dependence.
We then apply the same strategy to other higher-order corrections, B, F and T . Dividing these corrections into several pieces, the scaling ansatz leads to the following predictions:
Here, the quantitiesB n ,F n , andT n are measured in the fiducial cosmological model. Definition and explicit form of each quantity is presented in Appendix A. Figs. 4, 5 and 6 respectively show the quantities B n , F n , and T n , plotted as function of µ. As similarly shown in Fig. 3 , for specific wavenumbers k = 0.1 Mpc −1 and 0.2 Mpc −1 , the measured results in fiducial model are depicted as black solid lines, while the the predictions based on the scaling ansatz are shown in red dashed lines, which are compared with direct measurements (red filled circles) in the cosmological model with a slightly different value of h. The results show that the simple scaling ansatz also works well for all higher-order corrections, and suggests that the approach examined here can be used as a high-precision template, at least at k 0.2 Mpc −1 . consistently reproduce those assumed in the simulations.
Parameter estimation
We first measure the power spectrum in 2D space from the simulations for each cosmological model, which is later fitted by the theoretical template. The output data of dark matter particles at z = 0.5 are taken from the 100 realizations of the simulations as we described in Sec. 2.2. The measurement is then performed in grid space from the grid-assigned density field using the fast Fourier transform, and the resultant data are stored in k and µ bins at 0.01 h Mpc −1 < k < 0.3 h Mpc −1 and 0 < µ < 1 with the bin size of ∆k = 0.01 h Mpc
and ∆µ = 0.1. In Fig. 7 , the measured result of the power spectrum is presented in fiducial cosmological model, at the specific wavenumber bins of k = 0.055, 0.075, 0.095, 0.115, 0.135, 0.155, 0.175, 0.195, and 0.215 h Mpc −1 (from top to bottom). Provided the power spectrum data in each cosmological model, we next compare it to the theoretical template given at Eq. (2.7), and the growth functions for density and velocity fields, G δ and G Θ , are estimated, marginalizing over the nuisance parameter σ z that characterizes the strength of FoG damping, for which we assume the Gaussian form [see Eq. (2.5)]. Thus, the number of parameters to be determined is three. Since the power spectrum template involves several correction terms in Eq. (2.7), we will examine different combinations of A, B, F and T terms to see which combination gives the best estimate for the growth functions G δ and G Θ . The combinations 
where the quantitiesP obs andP model are the measured and template power spectra, respectively . Setting the minimum wavenumber k min to 0.01 h Mpc −1 , we will examine the parameter estimation varying k max . Here, the error covariance of the measured power spectrum, Cov, is assumed to be described by the Gaussian covariance with the non-vanishing diagonal element given by σ[P obs (k, µ)] =P obs (k, µ) 2/N (k, µ), where N (k, µ) is the number of Fourier modes in each (k, µ)-bin. Then, the inverse covariance, Cov −1 , becomes
Results
Let us first see if our modeling of RSD really works well to describe the power spectrum without any systematics and uncertainty. To do this, we examine the parameter estimation in the fiducial cosmological model, and instead of employing the PT calculations, we stick to the N -body data to compute the theoretical template not only for the correction terms (i.e., A, B, T and F terms) but also for the power spectraP δδ ,P δΘ andP ΘΘ . Fig. 8 shows the best-fit values and their 1σ marginalized error for the growth functions G δ (left) and G Θ (right), plotted against k max . The results are summarized for the theoretical templates with different combinations of the correction terms: A + B, A + B + T and A + B + F + T (from the second top to bottom). For reference, the top panels similarly show the cases when the template includes the corrections A+ B, but different from the second top panels, A + B terms are here obtained from the PT calculations. Then, the best performance of the parameter estimation comes from the template with A + B + T combination, not with the full A+B+F +T combination. The reason for this may be ascribed to the multi-streaming motion of dark matter particles, which approximately cancels the higher-order correlation F [57] . The template with A + B gives a poorer estimation for the growth function G δ , and employing the PT calculations, the discrepancy becomes prominent even for G θ , partly due to the systematics in the PT prediction.
To see more quantitatively whether the best-fit results of the theoretical template consistently reproduce the measured power spectrum or not, we evaluate the differences between the best-fit and measured results, i.e.,P model −P obs , and plot the residuals in left panels of Fig. 9 . The red triangle, blue square, black circle and green star dots represent the results based on the template including A + B (theory), A + B, A + B + F and A + B + F + T , respectively. At small µ, most of the results are within the statistical error depicted as solid black curves, however, a large discrepancy is manifest at µ → 1, where the non-perturbative effect of RSD becomes significant. As a result, the template including A + B + T shows the best performance. This is indeed manifest if we evaluate the best-fit χ 2 , shown in right panels of Fig. 9 . Hence, we conclude that with the template including A + B + T terms, unbiased estimation of the growth functions G δ and G Θ is possible at k max 0.18 h Mpc −1 , below which the best-fit result consistently reproduces the measured power spectrum.
Let us then demonstrate that using the scaling relation, our calibrated template in the fiducial cosmology can also work well in other cosmological models. Fig. 10 shows the results of the parameter estimation in cosmological models with different value of h. Here, the template power spectrumP ob (k i , µ p ) including the A + B + T corrections is computed in the fiducial cosmology of h = 0.67, and using the scaling ansatz, the growth functions are determined by fitting the template to the measured power spectrum at k k max = 0.18 h Mpc −1 . The best-fit value of the growth functions recovers the one in the cosmological model, and the accuracy of the parameter estimation reaches at 1% level. Although the present study restricts the analysis in the ΛCDM models just varying h, the power spectrum template as well as our methodology can be applied to a wide class of cosmological models as long as the broadband power spectrum shape remains the same one as in the ΛCDM model, and the scaling relation in previous section holds. Thus, Fig. 10 implies that the accuracy to estimate the growth functions is expected to hold in general dark energy and/or modified gravity models, in which the cosmic expansion and (scale-independent) growth of structure are different from ΛCDM predictions.
Conclusion
In this paper, with the aid of both the PT calculations and N -body simulations, we have presented a hybrid model of redshift-space power spectrum, which enables us to estimate the growth functions with 1% accuracy. Adopting the treatment by Ref. [26, 27] , we first presented the model in which the non-perturbative effect of RSD is separated out, and the rest of the contributions can be computed perturbatively. To make any systematic uncertainty or small flaw under control, we consider the approach by Ref. [46] , and each of the contributions in the power spectrum template has been calibrated or measured with N -body simulations in fiducial cosmological model. Using the scaling relation for the dependence of the growth functions, the calibrated template is then applied to other cosmological models in which the broadband power spectrum is basically the same one as in the ΛCDM model, relevant to general dark energy models and/or a class of modified gravity models that can change both the cosmic expansion and the growth of structure in a scale-independent manner.
We demonstrated that fitting our hybrid template to the power spectrum data in Nbody simulations, the unbiased estimation of the growth function is possible. In particular, with the template including the corrections A + B + T , the best-fit results of the growth functions are shown to reach at 1% accuracy at k max 0.18 h Mpc −1 . Although all the analysis in the paper has been made at z = 0.5, we expect that the performance of our template basically remains the same or becomes even better at higher redshifts. With the upcoming galaxy surveys like DESI or Euclid, a severe cosmological test of gravity is thus made possible with our hybrid template. Toward practical application, however, one crucial step is to properly incorporate the effect of galaxy bias into the power spectrum template. To tackle this issue, our approach has to be tested against the halo or mock galaxy catalogs based on an appropriate prescription for halo/galaxy bias [62] . Another important generalization is to seek a flexible template in which the broadband shape of the power spectrum is allowed to vary. To do this, one needs to exploit the fast PT calculation as well as to find a more cleaver way to calibrate the power spectrum with N -body simulation. We will hopefully report our progress near future.
A Explicit functional form of B n , F n , and T n In this Appendix, we present the explicit form of the scale-dependent coefficients for the higher-order correction terms, B, T , and F , given at Eqs. (2.37), (2.38), and (2.39).
Here, we write down the expressions in the fiducial cosmological model. First, the B term is divided into four pieces: B(k, µ) = j 
The T term is divided into seven pieces:
T (k, µ) = 1 2 j 
